Abstract: We demonstrate coherent combining of pulses within a laser cavity and discuss applications to energy scaling and pulse-burst operation. 16-times enhancement of the pulse energy from a fiber laser is demonstrated.
Introduction
Divided pulse amplification (DPA) employs temporal division and recombination of pulses and has been demonstrated as a method to avert the effects of nonlinearity and scale pulses to higher energy within amplifiers [1] . Employing DPA, megawatt peak powers in picosecond pulses have been achieved [2] . In combination with chirped pulse amplification (CPA), DPA has been used to achieve gigawatt peak powers in 300 fs pulses [3] . In another demonstration, pulse division was used to achieve nonlinear compression at higher peak powers by spectrally broadening the divided pulses before recombination [4] .
Here we propose and demonstrate a divided pulse laser (DPL), which implements the pulse division concept within the laser cavity. This technique should offer a number of new capabilities. We demonstrate its utility by scaling the pulse energy of an Yb-doped fiber soliton laser by a factor of 16. Other applications will be discussed. The concept is illustrated schematically in Fig. 1 . In many short-pulse lasers, the pulse energy is limited by the nonlinear phase accumulated in the cavity, primarily in the gain medium. To scale the stable pulse energy, the pulse can be divided, amplified, and then recombined before the output. As a specific embodiment of this idea, we constructed an Yb fiber laser designed to operate in the soliton regime. The cavity includes a grating pair for anomalous dispersion and a semiconductor saturable absorber mirror (SESAM). In this demonstration, the same set of yttrium vanadate crystals is used for both the dividing and recombining elements in a double-pass through the crystal stack and gain fiber.
Results
Without pulse division, the soliton laser under study generates 1.4 ps pulses with 0.35 nJ pulse energy. Attempts to increase the energy produce multi-pulsing. Operation with one dividing crystal in the cavity is summarized in Fig.  2 . Leakage of the divided pulses through a cavity mirror allows measurement of the autocorrelation, which clearly corresponds to two equal-energy pulses (Fig. 2(b) ). The 50 ps spacing between the pulses corresponds to the delay expected from the 57.6 mm yttrium vandate crystal. Nearly-perfect recombination of the amplified pulses (Fig. 2(c) ) is achieved. The maximum stable pulse energy has doubled to 0.7 nJ, as expected, while retaining the 1.4 ps duration. This result has been scaled to four dividing crystals within the cavity, which yields a factor of 16 increase in the pulse energy, with negligible change in the pulse duration. As a result, 6 nJ pulses are generated by a soliton laser with ordinary single-mode fiber, as shown in Fig. 2(d) . Residual pulses from imperfect recombination can be seen here; these can likely be reduced. Further energy scaling of this laser is likely possible. Using a Faraday rotator as the retroreflector, the cavity is insensitive to the birefringence of the fiber. With a SESAM as the saturable absorber, the cavity is environmentally stable.
Discussion
Intracavity pulse division and recombination has been demonstrated to provide successful energy scaling of a soliton laser. Pulse division is likely to offer advantages for other pulse evolutions, such as dissipative solitons or self-similar pulses. Normal-dispersion lasers would not necessarily include the dispersive delay indicated in Fig. 1 . This technique is compatible with other energy-scaling techniques used in fiber, such as scaling of the core size. It should also be applicable to other gain media, and in particular solid-state gain media. When implemented in high power fiber or solid-state lasers, the DPL concept may enable record-breaking energies directly from the oscillators. We expect that a DPL may offer advantages of simplicity and reduced noise compared to the alternative of a standard laser and amplifier designed to reach the same pulse energy. The DPL technique makes it easy to generate controllable pulse bursts, which are desired for applications such as material processing. The number of pulses in the burst is controlled by the number of dividing elements. Bursts of equal-energy pulses can be generated by simply taking the divided pulses as the output. As an example of this mode, the autocorrelation of the divided pulses with two dividing elements (four pulses) is shown in Fig. 2(e) . More generally, the dividing/recombining elements can be adjusted to modulate the pulse burst.
